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INTRODUCTION 4
We recently described the purification and comparison of two P i -starvation inducible secreted, but structurally distinct monomeric PAP isozymes (84 kDa SAP1 and 57 kDa SAP2) from the culture media of heterotrophic -P i tomato suspension cells [3] . In the present study, we report the purification and characterization of the corresponding IAP from -P i tomato cells. Our results indicate that the tomato cells markedly upregulate a single major IAP isoform during P i stress, and that it exists as an unusual heterodimeric PAP that also displays alkaline peroxidase activity. IgG was obtained from Promega. All other chemicals were obtained from Sigma Chemical Co. All solutions were prepared using Milli-Q processed water. Heterotrophic tomato (Lycopersicon esculentum, cv Moneymaker) cell-suspensions were kindly provided by Prof. Eduardo Blumwald (Univ. of California at Davis), and routinely cultured in 50 ml of Murashige-Skoog media containing 2.5 mM P i (P i -sufficient, +P i ) as described previously [3] . P i -deficiency treatments were initiated 7 d after subculturing the cells into the +P i media. A 50 ml +P i cell suspension was centrifuged axenically at 4000 g for 12 min at 25 o C. The cells were washed with -P i media, and used to inoculate 500 ml of -P i media. After 8 days the -P i cells were harvested by filtration through Whatman 541 filter paper on a Bhchner funnel, washed with 10 mM CaCl 2 , frozen in liquid N 2 , and stored at -80 °C.
EXPERIMENTAL Chemicals and plant material

AP assays
All assays were linear with respect to time and concentration of enzyme assayed. One unit (U) of activity is defined as the amount of AP resulting in the hydrolysis of 1 µmol of substrate per min at 25 o C.
Phosphatase assay A For routine measurements of AP activity, the hydrolysis of phosphoenolpyruvate (PEP) to pyruvate was coupled to the lactate dehydrogenase reaction and assayed at 25 o C by continuously monitoring the oxidation of NADH at 340 nm using a Gilford 260 recording spectrophotometer. Standard AP assay conditions were 50 mM Na-acetate (pH 5.1), 5 mM PEP, 10 mM MgCl 2 , 0.2 mM NADH, and 3 units of desalted rabbit muscle lactate dehydrogenase in a final volume of 1 ml. All assays were initiated by the addition of enzyme preparation and corrected for NADH oxidase activity by omitting PEP from the reaction mixture.
Phosphatase assay B
Acid-washed microtitre plates were used for all kinetic studies. For substrates other than PEP, the P i released by the AP reaction was quantified [13] . Between 1 and 10 mU of AP (determined using assay A) was incubated in a 96-well microtitre plate in a final volume of 40 µl. Assays contained 50 mM Na-acetate (pH 5.1), 1 mM EDTA, 10 mM
MgCl 2 , and an alternative substrate (5 mM unless otherwise stated). Assays were initiated by the addition of substrate, allowed to progress at 25 o C for 6 min, and terminated by the addition of 200 µl of a solution which was prepared daily by mixing four parts 10% (w/v) ascorbate with one part 10 mM ammonium molybdate in 15 mM
Zn-acetate (pH 5.0). Samples were incubated for 25 min at 40 °C and the A 660 determined using a Spectromax 250 Microplate spectrophotometer (Molecular Devices).
Controls were run to check background levels of P i present at each substrate concentration tested. To calculate activities, a standard curve over the range 1 to 133 nmol P i was constructed for each set of assays. 
Kinetic studies and protein concentration determination
Peroxidase assay
A chemiluminescence assay was employed to assess the capacity of the purified tomato IAP to catalyze the peroxidation of 5-aminophthalhydrazide (luminol) [3] .
Chemiluminescence was recorded using a Lmax Microplate Luminometer (Molecular Devices). The reaction was initiated by the addition of 0. 
Purification of tomato IAP
All steps were carried out at 0-4 °C. Quick-frozen -P i tomato suspension cells (500 g)
were ground to a powder in liquid N 2 using a mortar and pestle, homogenized (1:2, w/v) in buffer A with 50 g of acid-washed sand, and centrifuged at 14000 g for 20 min. AP activity was eluted using 70 ml of a linear gradient of 0-500 mM methyl α-Dmannopyranoside in Buffer D (fraction size = 2 ml). Peak activity fractions were pooled, concentrated to 0.15 ml, and applied at 0.2 ml/min onto a Superose 12 HR 10/30 column, which had been connected to the FPLC system and pre-equilibrated with Buffer E (fraction size = 0.5 ml). Peak activity fractions were pooled and concentrated with a Centricon-30 to 0.55 ml, divided into 15 µl aliquots, frozen in liquid N 2 , and stored at -80°C. The purified IAP was stable for at least four months when stored frozen.
Antibody production
Purified IAP (150 µg) was dialyzed overnight against PBS, filtered through a 0.2 µm membrane, and emulsified in Ribi adjuvant (1 ml total volume). After collection of preimmune serum, the AP was injected (0.6 ml subcutaneously, 0.4 ml intramuscularly) into a 2 kg New Zealand rabbit. A secondary injection (80 µg) was administered subcutaneously after 28 d. Ten days after the final injection blood was collected by cardiac puncture. After incubation overnight at 4 °C, the clotted cells were removed by centrifugation at 1000 g for 10 min. The antiserum was frozen in liquid N 2 and stored at -80 °C in 0.04% (w/v) NaN 3 .
Electrophoresis and immunoblotting
SDS/PAGE was performed with a Bio-Rad Minigel apparatus as described previously [17] . Subunit molecular masses were calculated from a plot of relative mobility against log [molecular mass (kDa)], with the following protein standards: myosin (205 kDa), $-galactosidase (116 kDa), phosphorylase B (97.5 kDa), BSA (66 kDa), ovalbumin (45 kDa), and carbonic anhydrase (29 kDa). Carbohydrate staining was performed using a periodic-acid Schiff staining procedure [3] .
Non-denaturing PAGE was conducted at 4 o C as described previously [17] . To detect in-gel AP activity, a gel was incubated for 1 h at 25 °C in 100 mM Na-acetate (pH 5.3), followed by incubation in the same buffer containing 10 mM MgCl 2 , 1 mg/ml Fast Garnet GBC salt, and 0.03% (w/v) $-naphthyl-P [3] . To estimate native molecular mass by non-denaturing PAGE, a plot of log (R f × 100) against the percent gel concentration yielded a straight line, the negative slope of which is the retardation coefficient. A log-log plot of the retardation coefficient against the molecular mass (kDa) of the calibration proteins produced a linear curve from which the native molecular mass of IAP was estimated [18] . Immunoblotting was performed by transferring proteins from SDS gels to PVDF membranes by electroblotting for 75 min at 100 V [17] . Prior to immunoblotting, carbohydrate epitopes were abolished by a Na-m-periodate oxidation procedure as described previously [19] . Antigenic polypeptides were visualized using an alkaline phosphatase-tagged secondary antibody [20] . 
Peptide mapping by CNBr cleavage
Polypeptides corresponding to the α-and β-subunits of purified IAP were excised from SDS/PAGE minigels and cleaved in situ with CNBr as described previously [21] . The degradation products were analyzed on an SDS/PAGE 14% minigel, followed by staining with SYPRO Red (Amersham Biosciences). Fluorescence imaging was performed using a Typhoon 9400 Imager Workstation (Amersham Biosciences).
Amino acid sequencing
N-terminal and tryptic peptide sequencing were performed by automated Edman degradation at the Laboratory for Macromolecular Structure (Purdue University).
Similarity searches were conducted with the BLAST program using the 'short but nearly exact' option available on the National Center for Biotechnology Information web site (www.ncbi.nlm.nih.gov/).
RESULTS
Influence of P i -starvation on growth and AP activity of tomato suspension cells
Tomato suspension cells cultured for 8 days in the absence of exogenous P i had 40%
of the fresh weight of the 8-day-old +P i cells (approximately 63 and 25 g of cells were obtained per 500 ml culture of 8-day-old +P i and -P i cells, respectively). Eight days following subculture of the tomato cells into -P i culture media, IAP activity increased from about 0.4 to 1.6 units/mg protein (but remained unchanged in +P i cells). IAP specific activity decreased to 0.4 units/mg within two days of an 8-day-old -P i cell culture being resupplied with 2.5 mM P i . All subsequent studies were performed using 8-day-old -P i cells.
IAP purification from -P i tomato suspension cells
A single AP activity peak was resolved during all chromatographic steps. As outlined in Table 1 , IAP from the -P i tomato cells was purified approximately 476-fold to a final PEP-hydrolyzing specific activity of 620 units/mg protein, and a recovery of about 12%.
Binding of the enzyme to immobilized Concanavalin A suggested that this IAP is glycosylated. IAP in the concentrated Concanavalin A Sepharose and Superose 12 fractions was violet in colour. The physical basis for the violet colour of IAP is apparent from its visible absorption spectrum ( Fig. 1) , which shows that the protein absorbs maximally in the middle of the visible region (peaking at 546 nm).
Physical and immunological properties of tomato IAP
Gel electrophoresis and immunoblotting
Non-denaturing PAGE of the final IAP preparation resulted in a single protein-staining band that co-migrated with AP activity ( Fig. 2A) . When the purified IAP preparation was denatured and subjected to SDS/PAGE, two major protein staining bands of 63 (α-subunit) and 57 kDa (β-subunit) were resolved (Fig. 2B ). Laser densitometric scanning of the SDS gel revealed that both polypeptides stained with Coomassie blue with equal intensities. When the single protein-staining band present after non-denaturing PAGE ( Fig. 2A) was excised, equilibrated with SDS, and subjected to SDS/PAGE, 63-and 57-kDa polypeptides were resolved which stained for protein and cross-reacted with rabbit anti-(tomato IAP) immune serum with equivalent intensities (results not shown). IAP's α-and β-subunits were both detected by periodic acid-Schiff staining, confirming that they are glycosylated (Fig. 2C ).
Immunoblotting with rabbit anti-(tomato IAP) immune serum was used to estimate the relative amount of IAP in clarified extracts from the 8-day-old +P i vs. -P i tomato cells. In each instance, immunoreactive 63 and 57 kDa polypeptides were observed (Fig. 2D , lanes 2 and 3) that comigrated with the α-and β-subunits of purified IAP (Fig.   2D, lane1 ). Laser densitometric quantification of the immunoblots revealed that the -P i extracts contained approximately 3-fold more of the IAP α-and β-subunits relative to extracts of +P i cells. Equal intensity staining 63 and 57 kDa antigenic polypeptides were also observed on an immunoblot of a clarified -P i tomato cell extract that was prepared under denaturing conditions in the presence of 10% (w/v) trichloroacetic acid [22] (results not shown).
Immunoblotting was also employed to assess the immunological relatedness of tomato IAP with the two secreted PAP isozymes (i.e., 84 kDa monomeric SAP1; 57 kDa monomeric SAP2) that accumulate in the culture media of -P i tomato cells [3] . The anti-(tomato IAP) immune serum cross-reacted with an immunoblot of 25 ng of purified SAP2 (Fig. 2D, lane 5) . By contrast, the same antibody preparation failed to detect 50 ng of purified SAP1 (Fig. 2D, lane 4) .
Determination of native molecular mass
This was attempted by gel filtration FPLC of the enzyme on a calibrated Superose 12 HR10/30 column. Upon gel filtration, however, a single peak of AP activity eluting with an apparent molecular mass of 50 kDa was recovered. Following SDS/PAGE of the gel filtration AP activity peak, 63 and 57 kDa polypeptides were resolved and stained for protein in a 1:1 ratio, respectively (Fig. 2B) . Electrophoresis of the native enzyme in non-denaturing gels of varying acrylamide concentrations consistently resolved a single protein staining band (Fig. 3A) , and by Ferguson plot analysis [18] , yielded a M r of 142,000 ± 9000 (n = 3, +SE). Thus, the native IAP appears to be heterodimeric.
Peptide mapping and amino acid sequencing
The structural relationship between the IAP α-and β-subunits was investigated by peptide mapping of their CNBr cleavage fragments. The CNBr cleavage patterns of the two polypeptides were dissimilar (Fig. 3 ).
The 9 N-terminal amino acids of IAP's α-and β-subunits were sequenced by automated Edman degradation and determined to be identical (Fig. 4A ). BLAST analysis revealed significant similarity with a portion of the deduced N-terminal region of several plant PAPs (Fig. 4A) . A 9 amino acid sequence of an α-subunit tryptic peptide exhibited significant similarity with a portion of the conserved phosphohydrolase domain of various plant PAPs (Fig. 4B) . Conversely, a 6 amino acid sequence of a β-subunit tryptic peptide did not show significant similarity to any protein in the NCBI database.
Heat stability
The enzyme was relatively heat-labile, losing 20, 50, and 80% of its original activity when incubated for 5 min at 50, 65, and 70°C, respectively.
IAP kinetic properties
Unless otherwise stated, all kinetic studies were performed using assay A. IAP showed a relatively narrow pH-phosphatase activity profile, with maximal activity and specificity constants (V max /K m ) for PEP occurring at about pH 5.1 (Fig. 5A) . The apparent K m (PEP)
values were minimal and equivalent (about 0.2 mM) in the range of pH 4.9 -5.4 (Fig.   5B ). The slope of the descending part of the pK m curve in Fig. 5B (~0.8) suggests that the change in the protonation state of one species, either in the free enzyme or of PEP, is responsible for the corresponding change in affinity [23] . The corresponding pKa of such a group is approximately pH 5.8. The pKa values corresponding to the protonation equilibria of the enzyme-substrate complex (pK es1 = 4.9, pK es2 = 5.7) are derived from the logV max vs. pH plot (Fig. 5A ).
Effect of divalent metal cations
Tomato IAP was activated by approximately 150% and 130% in the presence of 10 mM MgCl 2 and 10 mM MnCl 2 , respectively. There was no effect on IAP activity when the reaction mixture contained BaCl 2 , CaCl 2 , CoCl 2 , KCl, NaCl, or EDTA (10 mM each).
Conversely, the IAP was potently inhibited by CuSO 4 , ZnCl 2 , and FeCl 3 (10 mM each) which respectively caused 88%, 99%, and 100% inhibition of IAP activity.
Substrate specificity IAP activity was determined using assay B and a wide range of phosphorylated compounds, tested at a concentration of 5 mM unless otherwise specified. The purified enzyme showed no activity when tested with dihydroxyacetone-P, cyclic-AMP, ribose 5-P, ribulose 1,5-P 2 , ADP-glucose, UDP-glucose, or phytate, and no phosphodiesterase activity was detected with 5 mM bis-pNPP. Low IAP activity (10-20 % relative to that observed with 5 mM PEP) was observed with AMP, CMP, UMP, mannose 6-P, 3 Pglycerate, glucose 1-P, glucose 6-P, P-serine, and P-threonine.
Kinetic parameters of IAP for those compounds that were identified as being the most effective substrates are listed in Table 2 . In general, the enzyme appears to be isocitrate, succinate, glycolate, formate, glyoxylate, phosphite, and H 2 O 2 (10 mM each).
Significant inhibition was exerted by molybdate, vanadate, P i , and fluoride (Table 3) .
Inhibition by these compounds was further characterized, and the patterns of inhibition and inhibition constants are presented in Table 3 . Inhibition of IAP activity by molybdate was competitive, whereas fluoride, vanadate and P i showed a mixed pattern of inhibition. Increased assay pH was correlated with increases in the inhibition constants (K i N and/or K i values) for molybdate, fluoride and vanadate, but a reduction in these values for P i . Inhibition patterns were unaffected by assay pH.
Peroxidase activity of tomato IAP
The ability of tomato IAP to catalyze the peroxidation of luminol was investigated using a chemiluminescence assay. In the presence of luminol and H 2 O 2 , the purified IAP (Table 4 ) [1, 26, 27] . The native molecular mass of purified IAP was determined by non-denaturing PAGE to be approximately 142 kDa. A single protein staining band that co-migrated with AP activity was observed following non-denaturing PAGE of the final preparation ( Fig. 2A) . However, when purified IAP was denatured and subjected to SDS/PAGE and immunoblotting, equal intensity staining 63 (α-subunit) and and 57 kDa (β-subunit) polypeptides were resolved that strongly cross-reacted with the anti-(tomato IAP) immune serum (Fig. 2B,C) . We believe that both polypeptides were associated with native tomato IAP since the single protein staining band from nondenaturing PAGE produced the 63 and 57 kDa polypeptides following second dimension SDS/PAGE. Furthermore, the 63 and 57 kDa polypeptides co-purified in a 1:1 ratio during cation-exchange, Concanavalin-A Sepharose, and Superose 12 gel filtration FPLC.
Analysis of the N-terminal amino acid sequence of tomato IAP's α-and β-subunits produced the same sequence, which was maximally similar to onion (A. cepa), rice (O. sativa), and lupin (L. luteus) PAPs (Fig. 4A ). These enzymes belong to a plant PAP subfamily, distinguished by 'the absence of a cysteine residue around position 350 of the polypeptide sequence [28] . A tryptic peptide sequence of IAP's 57 kDa α-subunit was highly similar to a portion of the conserved phosphohydrolases domain present in the C-terminal region of several plant PAPs and calcineurin-like phosphoesterases (Fig.   4B ). Similar to tomato IAP, onion PAP was purified as a 240 kDa tetramer consisting of an equivalent ratio of 52 and 42 kDa polypeptides [29] . However, the 42 kDa polypeptide of onion PAP was hypothesized to have arisen via proteolytic cleavage of the 52 kDa polypeptide [29] . In the present study, the detection of the immunoreactive 63 and 57 kDa IAP polypeptides following trichloroacetic acid extraction of -P i tomato suspension cells indicates that the 57 kDa β-subunit was not a proteolytic degradation product of the 63 kDa α-subunit. This was corroborated by highly dissimilar CNBr peptide maps of IAP's α-and β-subunits (Fig 3) . CNBr fragmentation patterns depend on the position and number of methionine residues in the protein [21] . Overall, our results indicate that a single IAP is induced by -P i tomato suspension cells and that it exists as an unusual 142 kDa heterodimer composed of equal proportions of structurally dissimilar α (63 kDa) and β (57 kDa) subunits that share at least some regions of sequence similarity.
Tomato IAP is a PAP since it exhibited a λ max at 546 nm (Fig. 1) , a violet colour in solution, and was insensitive to L-tartrate inhibition. The majority of plant PAPs that have been studied are homodimers of 55 kDa subunits [8, 9] , whereas tomato SAP1 and SAP2 are monomeric PAP isozymes (Table 4 ) [3] . To our knowledge, tomato IAP is the first heterodimeric PAP to be characterized. The enzyme is presumably localized in the cell vacuole, a location which is consistent with the IAP's acidic pH optima ( Baldwin and co-workers [30] isolated and characterized a novel tomato P istarvation induced gene (LePS2) encoding a 30 kDa protein having 40% sequence similarity with a chicken phosphatase. Bacterially expressed recombinant LePS2
showed low phosphatase activity with pNPP at acidic pH. LePS2 was suggested to function as a P i regulated AP to enhance the availability and utilization of organic P i in -P i tomato [30] . However, the results of our current and previous [3] studies do not support LePS2 functioning as a predominant non-specific AP in -P i tomato. Recent findings indicate that LePS2 actually encodes a P i -starvation inducible phosphoprotein phosphatase (Baldwin, J. C. and Raghothama, K. G., unpublished results).
Binding of IAP to Concanavalin A-Sepharose and its subsequent elution with methyl α-D-mannopyranoside indicated that the enzyme was glycosylated. This was confirmed by periodic acid-Schiff staining of IAP's α-and β-subunits (Fig 2D) , and provides a rationale for the anomalous molecular mass (50 kDa) estimated for IAP during FPLC of the native enzyme on a calibrated Superose 12 column. The unusual behaviour of potato tuber and yeast APs during gel filtration chromatography has been attributed to glycosylation [27, 31] .
The 57 kDa SAP2, but not 84 kDa SAP1 from culture media of the -P i tomato cells [3] cross-reacted strongly with the anti-(tomato IAP)-immune serum (Fig. 2D ). This implies that tomato IAP and SAP2 share common antigenic determinants, but that SAP1 is quite distinct. Likewise, the IAP from yam tubers was demonstrated to be immunologically related to one of two yam SAP isozymes [32] .
Kinetic properties of tomato IAP
IAP was activated by Mg 2+ and Mn 2+ , and potently inhibited by Zn 2+ and Cu 2+ .
Analogous results have been obtained with various plant APs [1, 26, 27] , including the P istarvation inducible SAP1 and SAP2 from culture media of -P i tomato suspension cells [3] . Similar to other APs [1] , IAP was subject to potent competitive inhibition by molybdate, whereas mixed inhibition was exerted by vanadate, fluoride and P i (Table 3) .
Molybdate and vanadate serve as a transition state analogue of the pentavalentphosphate reaction intermediate [33] . The mode of fluoride inhibition of bovine spleen PAP was shown to pH dependent [34] . The pattern of IAP inhibition by molybdate, vanadate, fluoride, and P i was independent of pH changes in the range of 5.1 -6.2 (Table 3) . Nevertheless, with the exception of P i , an increased K i N and/or K i value was correlated with a pH increase from pH 5.1 to 6.2. The mixed pattern of inhibition by the product P i (Table 3) was also reported for the 84 kDa monomeric SAP1 from -P i tomato [3] . Conversely, many plant APs including tomato SAP2 are competitively inhibited by P i [1] . The different modes of P i inhibition may arise from differences in structural and/or conformational properties of APs [35] . Inhibition by P i is in accord with our hypothesis that tomato IAP plays an important P i recycling role during P i -starvation, when cellular P i levels may be decreased by up to 50-fold [5] .
In general, most PAPs characterized to date are considered to be non-specific APs [10] . Conversely, a PAP purified from germinating soybeans exhibited significant specificity for phytic acid [36] . A portion of a cDNA encoding the active center residues of a diphosphonucleotide phosphatase/phosphodiesterase from yellow lupin was similar to the metal ligating residues of PAPs [37] . However, tomato IAP is not a phytase nor a PAP with phosphodiesterase activity since it displayed no activity with phytic acid or bispNPP. The maximal V max (1622 units/mg) of tomato IAP was obtained with O-phospho-L-tyrosine (Table 2) , comparable to a non-specific potato tuber IAP exhibiting significant phosphotyrosine phosphatase activity [27] . Tomato IAP was more efficient at hydrolysing P i from physiological substrates with good leaving groups (Table 2) , whereas those with poorer leaving groups (∆G°' < 5 kcal/mol) [38] were not efficiently used. This phenomenon was also apparent for both SAP isozymes from -P i tomato [3] .
However, the specificity constants (V max /K m ) of the tomato IAP for similarly tested substrates were 1-2 orders of magnitude greater than those obtained with either of the two SAPs from culture media of the -P i tomato cells [3] . Thus, tomato IAP exhibits higher substrates utilization efficiency relative to the corresponding SAP isozymes.
In terms of apparent K m and specificity constant, PEP was the most effective substrate for tomato IAP ( Table 2 ). The tomato IAP displayed a relatively low K m (PEP)
value of about 0.22 mM (Table 2) IAP was hypothesized to function during P i -starvation as a PEP phosphatase to bypass the ADP-limited pyruvate kinase while recycling valuable P i [25] . A range of phosphorylated metabolites was also effectively hydrolysed by tomato IAP, indicating that it should be designated as a non-specific AP. Hence, tomato IAP may play a pivotal role during P i -deficient growth to scavenge and remobilize intracellular P i from Pmonoesters and anhydrides. Studies correlating the pattern of IAP expression with in vivo levels of intracellular P-metabolites in response to P i nutritional status will help to elucidate the physiological role of IAP. Comparative analyses of SAP1 and SAP2 expression should define a complex framework for the expression and physiological relevance of all three P i -starvation inducible tomato PAP isozymes.
The pH optimum of 5.1 determined for tomato IAP is in the range of previously characterized PAPs (Table 4) PAPs displaying both AP activity and alkaline peroxidase activity have been reported for tomato, Arabidopsis, and recombinant human enzymes [3, 4, 42] . Tomato IAP also displayed alkaline peroxidase activity that was insensitive to potent AP inhibitors. This suggests that the tomato IAP is a bifunctional protein, as was reported for both secreted tomato PAPs [3] . Plant PAPs displaying peroxidation activity have been hypothesized to function in the generation of reactive oxygen species (ROS), which is closely associated with the oxidative burst that occurs during the plant defence response to pathogen infection [3, 4] . An Arabidopsis PAP displaying peroxidase activity that is upregulated during P i -starvation was suggested to play an additional role in ROS metabolism during senescence [4] . The generation of intracellular ROS is associated with an increase in respiratory electron transport and O 2 uptake during biotic and abiotic stresses, and is followed by programmed cell death in Arabidopsis 
Concluding remarks
Together with our earlier study [3] , the current work completes the purification and biochemical characterization of the principal P i -starvation inducible AP isozymes of tomato suspension cells. It is notable that that the single IAP and two SAP isozymes that are upregulated by -P i tomato cells are all PAPs that exhibit alkaline peroxidase activity (Table 4) . P i -starvation inducible extracellular PAPs have been demonstrated to occur in duckweed and Arabidopsis [4, 45] , whereas northern blotting revealed that 2
putative Arabidopsis PAPs are induced by P i deprivation [12] . To the best of our knowledge, however, the current study provides the first evidence that a plant intracellular PAP is also P i -starvation inducible. Isolation of cDNA clones encoding Figure Legends PAGE minigel as previously described [20] . Peptides were stained with SYPRO Red and image analysis performed using a Typhoon imaging workstation. The migration of various molecular mass standards is shown on the left. 
